INTRODUCTION
In the field of small gas turbines and jet engines, high performance centrifugal compressors with extremely high total pressure ratios have been developed. However, centrifugal compressors involve a radial diffuser with a comparatively large diameter. Thus the ratio of the engine's frontal area to the mass Institut fur Strahlantriebe und Turboarbeitsmaschinen Rheinisch-Westfalische Technische Hochschule Aachen Aachen, Germany 1111111111 11111 111111
ABSTRACT
Highly loaded transonic and supersonic compressors appear capable of meeting the future demands of small gas turbines and jet engines. Particularly mixed flow compressors,taking advantage of the increasing circumferential blade speed between rotor inlet and exit, represent a good compromise with regard to high pressure ratio and mass flow on the one hand, and favorable performance characteristics and efficiency on the other.
However, operating a supersonic rotor as part of a stage involves a stator characterized by high turning angles, supersonic inlet conditions and a strong flow deceleration. In fact, the stator can be identified as the critical component regarding overall stage performance. Based on experimentally determined rotor exit flow conditions, the first part of this paper describes the design of a tandem stator with a strong shock in the stator entrance region, followed by subsonic Row turning and diffusion.
The main thrust of this paper is to present the analytical results obtained in connection with the experimental investigation of the complete stage at design and off-design conditions. Rotor and stator flow as well as the overall stage performance are discussed in detail. The concept of the tandem stator proves to be suitable for managing the extremely high aerodynamic loading in the stator. Experimental results reveal the design goals to be met in general. 
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flow is considerably higher than in case of axial compressors. On the other hand, axial compressors require a large axial length for a certain number of stages to produce an equivalent pressure ratio. Mixed flow compressor designs provide a good compromise regarding the overall diameter of the compressor unit and help meet the demand for a high power-to-weight ratio engine. Particularly, mixed flow compressor stages with transonic or even supersonic flow reveal the potential of high pressure rise and mass flow.
An early design of a mixed flow compressor stage was presented by Wilcox and Robbins in 1951 (Fig. 1) .
FIG. 1 HIGH PERFORMANCE MIXED FLOW COMPRESSORS
The relative Mach number at rotor inlet was kept subsonic by means of inlet guide vanes. Stator inlet conditions however were fully supersonic. The stator blading was designed as a convergentdivergent diffuser passage without any turning of the stator flow. Musgrave, Plehn (1987) , showed a subsonic flow at the hub and a tip Mach number of 1.14. Both stages had a fullspan subsonic flow at stator inlet and operated with tandem stators. The performance data for these stages demonstrate the capabilities of adequate mixed flow compressor designs; adiabatic efficieny levels of 0.866 and 0.84 were reached at total pressure ratios of 3.36 and 3.02, respectively. Regarding the increase of circumferential speed along the flow path, all three stages mentioned above show similar midspan radius ratios rairm , in the range of 1.52 to 1.58.
The mixed flow compressor designs presented by Manig et at. (1993) and Eisenlohr, Benfer (1993) are characterized by extremely high pressure ratios which would allow a single stage compressor in small gas turbine and jet engine applications (M6nig et al., 1987) . In the design published by Eisenlohr, Benfer (1993) the high work input of the impeller is mainly achieved by the high radius ratio r/r, of 2.30. The relative Mach number at the rotor inlet is highly subsonic close to the hub. A tip Mach number of 1.3 is reached. The stator inlet conditions are completely supersonic at a level of Mach 1.1. Both the rotor and stator are designed with splitter vanes in the rear part of the blade passages to achieve lower diffusion factors. Whereas the rotor performance is high with an adiabatic efficiency exceeding 0.91 at a total pressure ratio of 7.5, a significant performance decrease occurs for stage operation (n,:).72, 2-r-5.5). This decrease demonstrates the severe problem in managing the high turning angle of about 65° and the strong flow deceleration in the stator. Additionally, the losses in the stator are substantially influenced by end wall boundary layers and secondary flow effects due to the high solidity and small aspect ratio of the blading.
The mixed flow compressor rotor presented by Manig et al. in 1993 is a supersonic design with a relative rotor inlet Mach number increasing from 1.15 at the hub to 1.6 at the shroud (see Fig. I ). By means of a strong shock stabilized in the entrance region of the rotor the relative flow is decelerated to subsonic velocities. A subsequent slight acceleration was intended to give critical flow conditions at rotor exit for the design point. The experimental investigation of the rotor, however, revealed the critical cross section to be situated not at the exit, but instead at about 80 percent axial chord. For unthrottled operation a pressure drop downstream of this position was found to occur, indicating a reacceleration of the relative flow to supersonic velocities. Therefore, operation of the rotor with a critical exit Mach number (the design condition) required an appropriate back pressure adjustment. Although the increase of the radius along the flow path is quite moderate (r 0,2/r0, 1=I.34) in comparison to the stages discussed above, a rotor total pressure ratio of 6.2 was achieved due to the supersonic design. The corresponding adiabatic efficiency was 0.835 at a corrected mass flow of 8.35 kg/s in air (freon operation: 16.5 kg/s). Considering that the experimental rotor did not match all aerodynamic design values and taking into account the rotor/stator matching requirements for stage operation, a rotor operating point with a slightly subsonic relative exit Mach Wilcox, Robbins (1951) Dodge eta! (1986) Musgrave. Plehn (1987) Memo amended. Gallus (1993) &scribal; Bente. (1993) riS•1(>1 STATOR DESIGN Simon and Bohn (1974) investigated an axial supersonic compressor stage with a tandem stator. Its very promising performance characteristics suggested a similar design concept for the mixed flow compressor stage. As illustrated in Fig. 2 ., the supersonic inlet flow is decelerated to subsonic velocities by a strong shock in the stator entrance region.
FIG. 2 MIXED FLOW COMPRESSOR: DESIGN CONCEPT OF THE TANDEM STATOR CASCADE
• Geometry generator with input of the desired blade. data.-r.
• One-dimensional meanline code for the prediction of off-design performance and stage characteristics for the rotor flow.
• One-dimensional meanline code for the stator flow including semi-empirical correlations for the leading edge shock wave, strong shocks, shock-boundary-layer interaction and profile losses.
• 3D-Euler-Code for design of the three-dimensional arrangement of the two blade rows Computation of the boundary layer development to detect possible separation (based on the blade pressure distribution determined by the 3D-Euler-Code).
Quasi-3D-NavierlStokes-Code (Benetschik, Gallus, 1990) for final design of the tandem stator. This implicit Godunov-type code allows the computation on a blade-to-blade surface considering the changes in radius and stream surface thickness.
Validation of all numerical codes was done by comparisons to the well known flow conditions in the axial compressor tandem stator investigated by Simon and Bohn (1974) .
The new mixed flow compressor tandem stator was designed with non-twisted blades because of small blade heights and manufacturing simplicity. Numerous variations of blade and end wall geometry were tested analytically. The leading edge position of the second blade proved to be of substantial importance with respect to the performance of the stator. Fig. 3 illustrates the Downstream of this shock the subsonic flow is turned to the axial direction. The diffusion is kept at moderate levels by means of the inserted second blade row. Downstream of the first blade row further subsonic flow deceleration takes place without any turning of the flow.
Due to the extremely high loading of the stator with an exit-toinlet velocity ratio of 0.27, the blade profiles and end wall contours must be designed carefully. The main aerodynamic requirements of the stator geometry are considered to be the following:
• The axial gap between rotor blade trailing edges and stator blade leading edges, as well as the entrance region of the stator, should provide a convergent passage in order to decelerate the supersonic flow. This results in a decrease of the Mach number upstream of the strong shock, and therefore of the losses. • In the stator inlet region a straight contour should be used for the suction side blade surface and the hub in order to avoid excess flow accelerations upstream of the strong shock. • However, due to fundamental gas dynamics a locally divergent flow area has to exist where the strong shock is stabilized (by back pressure).
• Curvature, especially of the suction side of the first blade row, influence of the axial position z", (second blade leading edge) on the obtainable total pressure ratio. A decreasing distance from the first blade's leading edge results in an increase of the attainable pressure ratio. However, the area ratio A 5s .,,,i1A. diminishes with decreasing values of 2 3p reaching the critical value of I at z3p--.:14mm (the suction side passage of the tandem stator becomes choked). To maintain an adequate choke margin the second blade row was arranged at z 3p=20mm.
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FIG. 4 FINAL DESIGN OF TANDEM STATOR
According to analytical methods used, the circumferential position of the second blade row relative to the first one did not affect the pressure ratio significantly. Therefore, a midpitch position was selected for the final geometry. Regarding the threedimensional arrangement of the two blade rows, the results of the 3D-Euler Computations suggested an arrangement of the second row parallel to the pressure side of the first one. Otherwise an undesired acceleration was indicated for the flow in the entrance of the pressure side passage.
The final design of the tandem stator including the meridional flow path and several important area ratios is shown in Fig. 4 . Blade height diminishes from I4.63mm at stator entrance to 12mm at stator exit. Nevertheless, the effective three-dimensional flow area is raised by 85 percent through the stator. Downstream of the most forward part of the entrance with its slightly convergent flow passage, the flow cross-sectional area along the suction side is continuously increasing. The area increase for the pressure side passage is kept smaller due to the fact that the boundary layer computations and Q3D -Navier-StokesComputations both predict a large displacement thickness for the first blade's suction side boundary layer. Consequently, the area cross-sections of suction and pressure side passages at the exit of the first blade row have to be of different size in order to achieve the desired pressure field (and thereby avoid additional mixing losses). Based on the Q3D-Navier-Stokes computations a stage total pressure ratio of rr4.60 is predicted.
The stator consists of 110 blades (2 x 55). The blade contours have been cut into the blade support of the stator with a laser cutting fabrication method and the blades are mounted from the hub side. This allows a future alteration of the hub contour in order to improve the cross-section area variation if necessary. Fig.   5 shows the machined stator and a sketch of the rotor and stator illustrating the 3D -geometry of the whole stage.
FIG. 5 MACHINED STATOR AND 3D -SKETCH OF THE STAGE

COMPRESSOR TEST RIG
A schematic view of the supersonic compressor test rig is given in Fig. 6 . The compressor is driven in a closed loop, with a mixture of air and freon as test gas. The air-freon mixture allows much lower rotational speeds (14,000 rpm at the design point, versus 29737 rpm in air alone) and reduces the electrical power requirements.
The compressor inlet and outlet conditions are measured with six cylindrical probes and six total pressure/total temperature rakes 12 Kulite semiconductor transducers allow measurement of unsteady wall pressures at the rotor tip. Test rig instrumentation is documented in detail by Elmendorf (1994) . The stator can be circumferentially displaced during the testing in order to vary the circumferential position between the casing-fixed measurement locations and the stator blades. Thus, extensive flow field measurements can be performed.
ANALYSIS OF ROTOR FLOW
Investigation of the mixed flow supersonic compressor for isolated rotor operation (no stator) is documented by M8nig et al. (1993) . The following discussion is related to flow data obtained for stage operation. Significant differences are detected regarding rotor inlet flow conditions, pressure rise and mass flow. Fig. 7 shows the flow conditions (meanline representations) measured at the rotor inlet as compared to the predicted characteristics. To illustrate the effect of loss variation on the operating behaviour, the calculations were performed for a rotor total adiabatic efficiency of 0.80 and 0.90. Above 16 percent rotational speed, the rate of mass flow and Mach number increase is significantly reduced. Simultaneously,a steep growth of the incidence angle is observed as predicted by the analysis. These effects are caused by choking in the stator inlet. The maximum incidence angle of 16.5° is found at about 50 percent speed and appears slightly higher than predicted. For higher rotational speeds incidence angles decrease, reaching a minimum value of 4° at design speed. In general, mass flow and absolute and relative Mach numbers are found to be smaller than predicted. Regarding the operational behaviour of the mixed flow compressor stage at high back pressures, a significant difference compared to isolated rotor operation can be noted. For the stage, increasing back pressures led to a reduction of mass flow and inlet Mach number, with a simultaneous growth of the measured incidence angle. Conversely, isolated rotor operation showed the mass flow to be
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FIG. 7 MEASURED AND PREDICTED ROTOR INLET DATA FOR STAGE OPERATION (MEANLINE REPRESENTATIONS) independent of the aerodynamic loading (MOnig et al., 1993).
The following discussion of rotor and stator flow exclusively relates to design rotational speed of the compressor. Inlet flow conditions for isolated rotor operation are plotted only once as they are not affected by the back pressure variation. For the isolated rotor operation a nearly constant Mach number and flow angle distribution can be seen. Relative Mach number and relative flow angle grow linearly from hub to tip, corresponding to the increasing circumferential blade speed. Stage operation, even unthrottled, shows lower absolute Mach numbers over most of the annulus. The absolute flow angle now is higher than 90 0 and leads to a small amount of counterswirl in the rotor inlet flow. Due to this change in flow direction, the relative Mach number and the relative -flow angle are higher than in case of isolated rotor operation. This leads to a raised aerodynamic loading of the rotor especially close to the hub, probably induced by the higher relative blockage of the stator blades in the near hub region. For stage operation with maximum back pressure a further reduction of the absolute Mach number can be observed. The relative Mach numbers are now lower than in case of isolated rotor operation and the relative flow angles reach their maximum values corresponding to the increased incidence. Fig. 9 shows the time-average wall pressure distributions for various operating conditions at design speed. For unthrottled isolated rotor operation a decreasing pressure trend is found to occur at the rotor exit. The critical cross-section (rotor choking) is apparently located at the pressure maximum. Subsequently, the rotor relative flow is accelerated to supersonic speeds, leading to the observed pressure drop. For unthrottled stage operation, however, a further pressure rise downstream of the critical crosssection can be recognized. In accordance with the design objective, the rotor flow is throttled by the following stator and the subsonic relative exit flow conditions are established.
Throttled operation results in a significantly higher pressure ratio across the rotor and shows an upstream movement of the steep pressure rise located at midchord for unthrottled operation.
This pressure rise is produced by the shock wave stabilized in the entrance of the rotor blade passage. For throttled stage operation the most forward position of this shock is observed.
Blade-to-blade static pressure fields measured with fast response semiconductor transducers are plotted in Fig. 10 for several operating conditions. Considering unthrottled and throttled isolated rotor operation, the pressure contours upstream of the rotor are very similar. This confirms, that the inlet flow conditions are not affected by the back pressure. The throttled operation of the isolated rotor is near surge and shows a very homogeneous pressure rise in the rotor blade passage, avoiding the acceleration in the front part of the passage as detected for unthrottled operation. A strong shock wave is presumed to exist, but can not be clearly identified by means of the blade-to-blade pressure fields at the tip. Shock-induced boundary layer separation, as well as tip clearance and secondary flow effects, may be responsible for this deficiency.
The pressure contours for unthrottled stage operation compared to unthrottled isolated rotor operation show similar flow fields in the entrance region. The pressure drop close to the suction side of the blade is slightly greater for stage operation due to the higher incidence angles of the rotor inlet flow. Near the rotor exit the influence of the stator can be seen by the rapidly increasing pressure.
Stage operation at maximum back pressure (throttled) shows clearly the location of the strong shock in the rotor entrance. The shock is attached to the rotor blade leading edge and induces the steep pressure rise observed in the time-average wall pressure distributions. Downstream of this shock a continuous pressure increase is detected leading to the high pressure level at the rotor exit. The influence of the tip clearance flow can be seen because of the characteristic shape of the pressure contours approaching the suction side, especially along the rear part of the blade. The pressure rise is observed to be more upstream in this region due to the tip leakage flow from the pressure side to the suction side of the blade.
Summarizing the rotor characteristics for stage operation, it can be stated that apart from a slight overprediction of the mass flow design data and experimental results generally show good agreement. The rotor operates as designed with a strong shock in the entrance and a subsequent continuous pressure rise. 
ANALYSIS OF STATOR FLOW
Fig . II shows the measured time-average wall pressure distributions along the whole stage at design speed with increasing back pressure. For unthrottled operation a continuous pressure decrease in the divergent flow passage of the stator and the following diffuser is observed which corresponds to the expansion of the supersonic flow. With increasing back pressure a strong shock moves upstream and stabilizes in the stator. This upstream movement of the shock results in reduced pre-shock Mach numbers and therefore lower shock losses. Thus the obtainable total pressure ratio increases continuously. For near-surge operation a maximum value of pdp,,=4.656 is reached.
A more detailed analysis of the stator flow is possible by means of static pressure contours calculated from the measured wall pressures for several circumferential positions of the stator. These blade-to-blade pressure contours are iilotted in Fig. 12 forunthrottled operation and for three different back pressures covering a range from p 0/p"=3.900 to 4.656. The left-running part of the front shock wave attached to the stator leading edge can clearly be identified. As already discussed, the rotor flow is p, / p" = 4.656 influenced by the back pressure adjustment of the stage. The changing rotor exit flow conditions become apparent by comparison of the pressure contours for unthrottled and throttled operation. (Fig. 12, top two plots) . A variation in the shape of the front shock wave and a higher pressure level in the stator inlet can be noticed. The stator inlet flow is certainly influenced strongly by three-dimensional viscous effects. Once the stage is throttled, however, the inlet flow conditions to the stator do not change anymore, as the three throttled cases in Fig. 12 show. For the unthrottled operation a fairly continuous pressure decrease, corresponding to an accelerating supersonic flow, is observed throughout the entire stator. For throttled operation the position of a strong shock system in the stator can be seen. For example, at a moderate back pressure (p ti1p"=3.900) the shockinduced pressure rise occurs near the rear of the first stator blade row. Increasing back pressure (pdp"=4.345) results in an upstream movement of the shock system. Due to the supersonic flow conditions, the pressure contours in front of the shock remain unchanged. For the maximum back pressure condition (pdp1I=4.656) the strong shock is located immediately upstream the leading edge P/Pit of the second blade row. Behind the shock system a further deceleration of the subsonic flow takes place in the suction side passage and shows a continuously increasingpressurelevel. In the entrance of the pressure side passage, however, a significant drop in static wall pressure is observed, followed by a steep pressure rise. Apparently, supercritical flow conditions are achieved and then terminated by a second strong shock.
This behaviour might be due to a departure of the blade-to-blade mass flow distribution from that predicted. _ . . .
FIG. 13 COMPARISON OF BLADE PRESSURE DISTRIBUTIONS
The back pressure boundary condition for the NaVier-Stokes computation has been adjusted so that a shock position similar to that in the experiment is achieved. Apart from the already discussed pressure drop in the pressure side passage, the agreement of theory and experiment is fairly good. Due to the endwall boundary layers, which are neglected in the Q3D-computation, measured blade pressures in the rear part remain somewhat below the predicted values. The computation shows a slight flow acceleration in the pressure side passage (z/1 --0.27), but it does not reproduce the large pressure drop observed in the experiment. Apart from the presumed underprediction of the boundary layer displacement thickness, limitations of the quasithree-dimensional approach (related to the geometrically assumed streamtube variation and 3D-flow effects) may be responsible for this deviation between analysis and experimental results. Thus, the application of a fully 3D viscous code is highly desirable for a more detailed analysis of the stator flow. The corresponding blade-to-blade pressure contours calculated with the Navier-Stokes Code are shown in Fig. 14 . Compared to the measured pressure distribution (Fig. 12 ) the most noticeable difference is in the obtained pressure level at the stator exit. The back pressure boundary condition of the theoretical solution is set to pipe3.84 in order to achieve the correct shock position in the stator entrance. Experimental results however show a significantly higher value of p,/p4.30. This discrepancy is mainly caused by the different flow deceleration downstream the first blade row. Whereas the theoretical solution only shows a slight pressure increase of p/p 11r-0.1, the experimental pressure rise PIN FIG. 14 COMPUTED PRESSURE DISTRIBUTION is much higher (p/p 11 C1.4). The experimentally determined pressure contours show a distortion of the pressure contours downstream the first blade indicating the wake flow. Due to the . mixing of the free flow and the wake downstream of the first blade row, a larger increase of the available cross-section is provided. This leads to the observed higher pressure rise in the rear part of the stator. Again, this deviation between analysis and experiment is explainable by an underestimated boundary layer thickness in the Navier-Stokes solution and confirms the presumption already made above.
Summarizing the basic stator characteristics, it can be stated that the experimental results general fit the design objectives. Supersonic starting conditions are fulfilled for stage operation. This allows the desired shock stabilization through back pressure control. A maximum total pressure ratio of 4.656 is achieved, which is even higher than predicted. According to the design goal, exit pressures on suction and pressure side passages are nearly equal, thus avoiding additional mixing losses. However, an unexpected flow acceleration in the entrance of the pressure side passage is observed, leading to passage choking and a second strong shock with additional losses. Redesign of the stator might eliminate this effect. Also, a more upstream position of the strong shock in the entrance of the stator would be desirable. Both tasks could possibly be realized by an adequate variation of the hub contour, which could be altered fairly economically due to the chosen fabrication approach.
COMPRESSOR OVERALL PERFORMANCE
The experimentally determined compressor performance map is given in Fig. 15 . Corresponding to decreasing shock losses in 
FIG. 15 COMPRESSOR PERFORMANCE MAP
the stator, a continuous increase of the stage total pressure ratio and efficiency is obtained with increasing back pressure for all rotor speeds. At design speed a maximum total pressure ratio of 4.656 is achieved with an adiabatic efficiency of 69 percent. Thus, an efficiency reduction of 14.5 percent has been measured for the stage as compared to isolated rotor operation (Wittig et al. 1993) . Whereas the corrected mass flow for isolated rotor operation reaches 98 percent of the design value, the mass flow ranges from 95.2 percent (unthrottled) to 92.3 percent (near-surge) of design flow for the stage.
CONCLUSIONS
This paper presented results from an experimental investigation of a highly loaded mixed flow supersonic compressor stage. Operational characteristics of both the rotor and the stator were discussed, with emphasis on the tandem stator design.
According to design objectives, the rotor is throttled by the downstream stator and subsonic relative exit flow conditions are established. Moderate stage back pressure yields a stable strong shock in the rotor entrance with the desired consequent pressure rise.
Regarding the stator, supersonic inlet flow starting conditions are fulfilled, allowing the desired back-pressure-controlled shock stabilization. A considerable increase in efficiency and total pressure ratio is realized as the back pressure is increased, finally leading to a condition, where the strong stator shock is located in the entrance region of the stator. Apart from an unexpected flow acceleration in the pressure side passage, predicted and measured pressures in the stator were in good agreement. Lastly, a moderate overprediction in the design point mass flow was observed for stage operation.
The presented concept of the tandem stator cascade proves to be suitable for managing the extremely high aerodynamic loading at supersonic inlet conditions. However, an increase in the obtained efficiency is desirable and will be subject of future developments of the mixed flow supersonic compressor stage.
